Introduction {#Sec1}
============

Acute respiratory distress syndrome (ARDS) is a clinical syndrome characterised by acute progression of respiratory failure. According to an international multi-centre research, the prevalence of ARDS was 10.4% of ICU admissions \[[@CR1]\]. Inflammatory responses destroy underlying vascular endothelial cells and respiratory epithelial cells and impair the lungs' ability to exchange oxygen and carbon dioxide \[[@CR2]\]. Therefore, decreasing inflammation and accelerating blood vessel repair are two key factors in the prevention and treatment of ARDS. Since its severity and lack of effective pharmacologic treatments \[[@CR3]\], it is of great significance to explore novel therapeutic strategies for ARDS. Recently, cell therapy have been shown to have promising therapeutic potential. Mesenchymal stem cells ameliorated ARDS due to paracrine mechanism \[[@CR4]\].

Telocytes (TCs) are newly identified mesenchymal cells that play a role in providing nutrition to surrounding cells by cell--cell communication and have post-injury repair and regeneration functions \[[@CR5]--[@CR7]\]. TCs contribute to angiogenesis within the myocardium \[[@CR8]\]. Transplantation of cardiac TCs promotes post ischaemic myocardial repair \[[@CR9]\]. Pulmonary TCs also assist with angiogenesis since they participate in forming the structure of the air--blood barrier \[[@CR10]\]. Intratracheal administration of activated TCs has been reported to alleviate ventilator-induced lung injury in a mouse model by releasing angiogenic factors \[[@CR11]\]. However, the underlying mechanism remains unclear.

Class I Phosphoinositide-3-kinases (PI3Ks) or the four subtypes of catalytic subunit---p110α, p110β, p110γ and p110δ---are expressed in all mammalian cells. The catalytic subunits bind to p85 regulatory subunits, activate receptor tyrosine kinases (RTKs), and transmit a variety of cell surface receptor signals, such as those from the epidermal growth factor receptor (EGFR) or fibroblast growth factor receptor (FGFR), to promote cell growth \[[@CR12]\]. The PI3K subunits p110α and p110δ were demonstrated to be associated with tissue repair; however, this function is mediated by different mechanisms. The activity of PI3K p110α can be enhanced by tyrosine kinase ligands, such as vascular endothelial growth factor (VEGF) A, and can induce angiogenesis and vascular remodelling \[[@CR13]\]. Moreover, p110α regulates endothelial cell migration through the small GTPase RhoA, mediated by *PI3KCG*, a gene encoding a p110γ subunit, which has a protective effect on hypoxic-reoxygenated cardiomyocytes mediated by activation of the PI3K/AKT signalling pathway and inhibition of apoptosis \[[@CR14]\]. PI3K (p110δ)/AKT/mammalian target of rapamycin (mTOR) signalling pathway mediates interferon-γ (IFN-γ) induced airway epithelial cell growth and proliferation through interaction with CEACAM1 \[[@CR15]\].

MicroRNAs (miRNAs) are small, non-coding RNAs that regulate the expression of target genes via posttranscriptional degradation of mRNA and/or translational inhibition of protein expression. MiR-135a can influence cell proliferation, migration, invasion, apoptosis and tumour angiogenesis through the IGF-1/PI3K/AKT signalling pathway in non-small cell lung cancer (NSCLC) \[[@CR16]\]. Mature miR-21a-5p was found to be secreted by lipopolysaccharide (LPS)-activated macrophages in small vesicles, which were endocytosed and internalised by renal fibroblasts, thereby promoting the expression of fibrosis and inflammation markers in a mouse model of chronic renal allograft dysfunction (CAD) in allogeneic kidney transplantation \[[@CR17]\]. Antagonism of miR-21a-5p ameliorated CAD in mouse model following kidney transplantation \[[@CR17]\]. In patients with renal allograft, elevation of urinary \[[@CR18]\] and plasma \[[@CR19]\] miR-21 level was correlated with interstitial fibrosis and tubular atrophy.

The TCs line was established by transfection with simian vacuolating virus 40 (SV40) and identified to maintain TCs morphology and immune characteristics \[[@CR20]\]. TCs proliferation was demonstrated to be regulated by transforming growth factor-β (TGF-β) and mediated by the PI3K p110α subunit and the PI3K/AKT/mTOR signalling pathway \[[@CR21]\]. The present study was designed to investigate the underlying protective effect of TCs in a mouse model of respiratory distress. Bioinformatics approaches were applied to analyse gene expression profiles in TCs challenged with LPS. Particular attention was devoted to the angiogenesis-related process. The protective mechanisms mediated by the PI3K subunit in TCs were further examined in hemangioendothelioma endothelial cells (EOMA cells) in vitro. The current study presents the theoretical bases of an alternative new potential therapeutic strategy for ARDS.

Methods {#Sec2}
=======

Animal models {#Sec3}
-------------

Eight-week-old male C57BL/6 mice, 22 to 25 g, were purchased from Shanghai Jiesijie Company (Shanghai, China). Mice were randomly divided into four groups: Control, ARDS, ARDS with negative control (NC) TCs treatment, and ARDS with miR-21a-3p inhibited TCs treatment. Under anaesthesia (60 mg/kg sodium pentobarbital, Sinopharm Chemical Reagent Co. Shanghai, China), mice were intratracheally instilled with phosphate-buffered saline or LPS (5 mg/kg, Sigma, Germany) via 20-gauge catheters. Mice in the ARDS treatment groups were also instilled with 20 μL of TCs culture medium from TCs treated with the NC or miR-21a-3p inhibitor in the presence of LPS. Twenty-four hours later, animals were sacrificed, and the lungs were collected.

The study protocol was approved by the Animal Ethics Committee of Zhongshan Hospital, Fudan University.

TCs {#Sec4}
---

Mouse primary pulmonary TCs were a kind gift from Dr. Dongli Song. TCs were cultured in Dulbecco's modified Eagle's medium/F12 (DMEM/F12, Hyclone, Boston, MA) supplemented with 5% foetal bovine serum (FBS, Cellsera, Australia). Experiments with LPS (0.1 μg/mL) were performed in DMEM/F12 without FBS. TCs culture medium was collected from culture dishes after LPS stimulation for 48 h. The p110α inhibitor HS-173 (Selleck, Shanghai, China) was applied 2 h before LPS stimulation.

MiRNA transfection {#Sec5}
------------------

Both the miR-21a-3p inhibitor and NC were purchased from China Ribobio (Ribobio, Guangzhou, China). TCs were transfected with the miR-21a-3p inhibitor and NC at a final concentration of 50 nmol/L using a lipofectamine RNAiMAX transfection system (ThermoFisher Scientific, Carlsbad, CA) according to the manufacturer's protocol. Cells were incubated with siRNA in serum-free and antibiotic-free medium for 6 h and then in normal growth medium for another 24 h before the experiments were performed.

Gene expression profiling analysis {#Sec6}
----------------------------------

Gene expression profiling analysis of both miRNA and mRNA were performed with Agilent Microarray Scanner (Cat \# G2565CA, Agilent technologies, Santa Clara, CA). The data were normalised with the *AgiMicroRna* package \[[@CR22]\]. The gene expression files were analysed with R-3.4.1 software. Differentially expressed genes (DEGs) were defined as those with an adjusted P-value of less than 0.05. DEGs were further analysed with the *limma* package \[[@CR23]\]. Heat maps were generated with the *ggplot2* package \[[@CR24]\].

The online databases miRWalk \[[@CR25]\] and TargetScan \[[@CR26]\] were used to screen potential miRNA target genes. Overlapping genes in the two databases were selected for further analysis. The online database STRING \[[@CR27]\] and the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 \[[@CR28]\] were used to analyse gene function. The relationship between DEGs and miRNAs was further visualised with Cytoscape 3.7.1 \[[@CR29]\].

Quantification of mRNA and miRNA {#Sec7}
--------------------------------

Total RNA was extracted from cultured TCs with TRIzol (Takara, Shiga, Japan) according to the provided instructions. MiRNAs were reverse transcribed with a Bulge-Loop miRNA qRT-PCR Starter Kit (Ribobio, Guangzhou, China), and mRNAs were reverse transcribed to complementary DNA (cDNA) with a PrimeScript RT Reagent Kit with gDNA Eraser (Takara, Shiga, Japan). The expression levels of miR-21a-3p, miR-221-5p and mRNAs were measured by quantitative real-time polymerase chain reaction (qPCR) on a Bio-Rad IQ5 real-time PCR instrument, with U6 and GAPDH used as the housekeeping genes for miRNAs and mRNAs, respectively. MiRNA PCR was performed with the Bulge-Loop miRNA qRT-PCR Starter Kit, Bulge-Loop mmu-miR-21a-3p Primer Set and Bulge-Loop mmu-miR-221-5p Primer Set (Ribobio, Guangzhou, China). MRNA primers were synthesised by Sangon (Shanghai, China). The following mouse-specific primers were used: GAPDH sense primer: 5′-GTTCAACGGCACAGTCAAG-3′, antisense primer: 5′-GCCAGTAGACTCCACGACAT-3′; E2F8 sense primer: 5′-CTGTTT GCACGAACACTTATCAG-3′, antisense primer: 5′-GTACCGCGCTAGGAATTTGTG-3′; Acvrl1 sense primer: 5′-TGATTCCTGTTGCCGGCCT-3′, antisense primer: 5′-CAGTGTGGGCTCTCACAAGT-3′; Rbpj sense primer: 5′-TGGCGAGAGTTTGTGGAAGA-3′, antisense primer: 5′-AGCACTGTTTGATCCCCTCG-3′; Notch1 sense primer: 5′-TGTGGCTTCCTTCTACTGCG-3′, antisense primer: 5′-CTTTGCCGTTGACAGGGTTG-3′; Flt1 sense primer: 5′-GTGAGCACTGCGGCAAAAAG-3′, antisense primer: 5′-ACTCATTTTGGGAGGAGCGT -3′; EFNB2 sense primer: 5′-CGAGGTGGCAACAACAATGG-3′, antisense primer: 5′-ATAGTCCCCGCTGACCTTCT -3′; Thbs1 sense primer: 5′-CTGCCAATCATAACCAGCG-3′, antisense primer: 5′-TTCGTTAAAGGCCGAGTGCT-3′; EPAS1 sense primer: 5′-CTGAGGAAGGAGAAATCCCGT-3′, antisense primer: 5′-TGTGTCCGAAGGAAGCTGATG-3′; hypoxia inducible factor-1α (HIF-1α) sense primer: 5′-ACCTTCATCGGAAACTCCAAAG-3′, antisense primer: 5′-CTGTTGGCTGGGAAAAGTTAGG-3′; PIK3CA sense primer: 5′-CCACGACCATCTTCGGGTG-3′, antisense primer: 5′-ACGGAGGCATTCTAAAGTCACTA-3′; PIK3CB sense primer: 5′-CTATGGCAGACAACCTTGACAT-3′, antisense primer: 5′-CTTCCCGAGGTACTTCCAACT-3′; PIK3CD sense primer: 5′-GTAAACGACTTCCGCACTAAGA-3′, antisense primer: 5′-GCTGACACGCAATAAGCCG-3′; and VEGF sense primer: 5′-GTACCTCCACCATGCCAAGT-3′, antisense primer: 5′-TCCTATGTGCTGGCTTTGGT-3′.

Western blotting {#Sec8}
----------------

Total protein was extracted from cultured TCs with lysis buffer (150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L NaF, 1 mmol/L dithiothreitol, 10 μg/μL aprotinin, 10 μg/μL leupeptin, 0.1 mmol/L Na3VO4, 1 mmol/L phenylmethylsulfonyl fluoride (PMSF), and 0.5% NP-40). Protein extracts (20 μg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (Merck Millipore, Darmstadt, Germany). After blocking with 5% non-fat milk/Tris-buffered saline containing 0.1% Tween 20 at room temperature for one hour, membranes were incubated with primary antibodies \[specific for GAPDH (60004-1-Ig, Proteintech, Wuhan, China), E2F8 (ab109596, Abcam, Cambridge, UK), Delta-like 4 (DLL4)(ab7280, Abcam, Cambridge, UK), Notch1 (sc-373891, Santa Cruz, Dallas, TX), Notch2 (sc-5545, Santa Cruz, Dallas, TX), Notch4 (sc-5594, Santa Cruz, Dallas, TX), phosphatase and tensin homolog deleted on chromosome ten (PTEN)(ab32199, Abcam, Cambridge, UK), PI3K (4257T, CST, Boston, MA), p-PI3K (4228T, CST, Boston, MA), mTOR (2983T, CST, Boston, MA), p-mTOR (5536T, CST, Boston, MA), AKT (9272S, CST, Boston, MA), p-AKT (9271S, CST, Boston, MA), and p110α (4249T, CST, Boston, MA)\] overnight at 4 °C. Protein expression levels were normalised to those of GAPDH with ImageJ (NIH, Bethesda, MD).

EOMA cells proliferation assay {#Sec9}
------------------------------

EOMA cells proliferation was assessed with a colorimetric assay---Cell Counting Kit-8 (CCK8, Yeasen, Shanghai, China)---following the manufacturer's protocol. Approximately 4000 EOMA cells/well were seeded in a 96-well plate. After adhesion, EOMA cells were incubated for 24 h with culture medium from TCs transfected with the miR-21a-3p inhibitor or NC in the presence of LPS.

Dual luciferase assay {#Sec10}
---------------------

The pGL3 reporter vector (Promega, Madison, WI) was used to generate the plasmids pGL3-WT-E2F8-3′-UTR and pGL3-Mut-E2F8-3′-UTR. Human embryonic kidney cells were co-transfected with pGL3-E2F8-3′-UTR (WT or Mut) and the miR-21a-3p mimic or NC with Lipofectamine 2000 reagent (ThermoFisher Scientific, Carlsbad, CA). After incubation for 24 h, luciferase activity was assessed by the Dual-Luciferase Reporter Assay System (Promega, Madison, WI) according to the manufacturer's protocol.

Enzyme-linked immunosorbent assay (ELISA) {#Sec11}
-----------------------------------------

The concentration of VEGF in the TCs culture medium was measured by a commercial VEGF ELISA kit (Westang, Shanghai, China) according to the manufacturer's protocol.

Dynamic real-time cell observation {#Sec12}
----------------------------------

Live observation of EOMA cells was performed with a Cell-IQ cell culture platform (Chip-Man Technologies, Tampere, Finland) equipped with a phase contrast microscope (Nikon CFI Achromat phase contrast objective with 10 magnification) and a camera (Nikon, Fukasawa, Japan). The equipment was controlled by Imagen software (Chip-Man Technologies). Each group contained 16 replicates of visual fields. Images were acquired at 1-h intervals for 48 h.

Tissue preparation and immunofluorescence examination {#Sec13}
-----------------------------------------------------

Lung tissues were fixed with 10% formalin solution and embedded in paraffin. Each tissue was sectioned at 5 μm and stained with haematoxylin--eosin (HE, Beyotime, Shanghai, China) according to the manufacturer's protocol. For immunofluorescence staining, an antigen retrieval protocol was carried out with incubation in 0.3% H~2~O~2~ for 30 min and heating to boiling in a microwave in citrate buffer for 10 min. After blocking with 5% goat serum in Tris-buffered saline, sections were incubated with diluted primary antibodies \[CD31 (1:500, ab24590, Abcam, Cambridge, UK), endothelial nitric oxide synthase (eNOS) (1:500, Cat610296, BD Biotechnology, San Jose, CA)\] overnight at 4 °C and then with secondary antibodies and 4′,6-diamidino-2-phenylindole (DAPI), separately.

Statistical analysis {#Sec14}
--------------------

Data are expressed as the means ± SDs and were analysed by one-way analysis of variance (ANOVA) and Tukey's multiple comparisons test. A P-value of \< 0.05 was considered statistically significant. All statistical analyses were performed with GraphPad Prism 7.04 (GraphPad, San Diego, CA).

Results {#Sec15}
=======

Protective effects of TCs in ARDS {#Sec16}
---------------------------------

The ability for TCs protection was first estimated in ARDS mouse models. LPS stimulation caused inflammatory infiltration, alveolar wall widening, and vessel destruction (Fig. [1](#Fig1){ref-type="fig"}a). The production of inflammatory cytokines was elevated in ARDS mice (Fig. [1](#Fig1){ref-type="fig"}b). Since substances, including molecules and exosomes, released by TCs could be important factors affecting adjacent cells, the effect of TCs culture medium was assessed. Instillation of TCs culture medium reduced the inflammatory infiltration, reduced the alveolar interstitial width and decreased the levels of inflammatory cytokines. Bio-behaviours of TCs were recorded by Cell-IQ to show the typical morphology of cultured cells (Additional file [1](#MOESM1){ref-type="media"}: Figure S1).Fig. 1Protective effects of TCs in ARDS mouse models. **a** HE staining of mice lung tissue in lungs of control mice (Control), ARDS mice (LPS), ARDS mice treated with TCs supernatant (LPS/TC), and ARDS mice treated with miR-21a-3p inhibited TCs supernatant \[LPS/TC (miR-21 inhibited)\]. **b** The mRNA expression of inflammatory cytokines in mice lungs in the above four groups. \**P *\< 0.05 vs Control, ^*\#*^*P *\< 0.05 vs LPS, \*\**P *\< 0.05 vs LPS/TCs, n = 6. *IL-1β* interleukin-1β, *IL-6* interleukin-6, *TNF-α* tumour necrosis factor-α

TCs promoted angiogenesis in ARDS {#Sec17}
---------------------------------

As angiogenesis is essential in tissue repair, the induction of angiogenic factors in TCs after stimulation with LPS was assessed. In ARDS mice, the expression of the angiogenesis-related marker CD31 and eNOS was downregulated. However, an increase in CD31 and eNOS expression was observed in the WT TCs treatment group but not in the group treated with medium from TCs with miR-21a-3p inhibition (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2TCs promoted angiogenesis in ARDS mouse models. The expression of CD31 and eNOS in lungs of control mice (Control), ARDS mice (LPS), ARDS mice treated with TCs supernatant (LPS/TC), and ARDS mice treated with miR-21a-3p inhibited TCs supernatant \[LPS/TC (miR-21 inhibited)\] was shown in green fluorescence, dapi was blue. \**P *\< 0.05 vs Control, ^*\#*^*P *\< 0.05 vs LPS, \*\**P *\< 0.05 vs LPS/TCs, n = 6. Original magnification: 200x

MiRNA and mRNA profiles in LPS-stimulated TCs {#Sec18}
---------------------------------------------

To identify the critical miRNAs in the regulation of angiogenesis by TCs, miRNA and mRNA profiles were generated, and the relationship of differentially expressed miRNAs with downstream angiogenesis factor-associated mRNAs were analysed in LPS-stimulated TCs. In LPS-stimulated TCs, six miRNAs, including miR-155-5p, miR-21a-3p, miR-5100, miR-221-5p, miR-7a-3p and miR-146a-5p, were upregulated, and one miRNA (miR-188-5p) was downregulated with an absolute fold change \> 2 (Fig. [3](#Fig3){ref-type="fig"}a and Table [1](#Tab1){ref-type="table"}). By referring these results to two online databases (miRWalk and TargetScan), 4368 target genes were predicted to be downstream targets of the differentially expressed miRNAs.Fig. 3Differentially expressed genes in TCs with LPS treatment. **a** Heat map of differential expressed miRNAs in cultured TCs stimulated with LPS. **b** Heat map of differential expressed genes in cultured TCs stimulated with LPS. **c** Relationship between differential expressed miRNAs and their differential expressed target mRNAs. Yellow indicated miRNAs, green indicated downregulated mRNAs, and red indicated upregulated mRNAs. **d** Interaction of the angiogenesis-related proteins in STRING. Different colours indicated the involvement of proteins in different processes. Red indicated angiogenesis, pink indicated blood vessel morphogenesis, purple indicated vasculature development, brown indicated blood vessel remodelling, blue indicated sprouting angiogenesis, cyan indicated venous blood vessel sprouting, orange indicated venous blood vessel morphogenesis, green indicated regulation of angiogenesis, and yellow indicated positive regulation of angiogenesis. **e** Angiogenesis related miRNAs and their downstream genes. Red indicated upregulated miRNAs, green indicated downregulated miRNAs, yellow indicated genes that were enriched in more than three processes in STRING, blue indicated other mRNAsTable 1Summary of differentially expressed miRNAs in TCs treated with LPSGene symbolsFold changeGene symbolsFold changeGene symbolsFold changemmu-miR-146a-5p8.761mmu-miR-1231-3p1.378mmu-miR-62371.067mmu-miR-7a-5p2.813mmu-miR-1948-3p1.370mmu-miR-7059-3p1.065mmu-miR-221-5p2.407mmu-let-7i-5p1.350mmu-miR-881-3p1.064mmu-miR-51002.330mmu-miR-29b-3p1.347mmu-miR-3074-5p1.063mmu-miR-21a-3p2.258mmu-miR-39671.337mmu-miR-7216-5p1.063mmu-miR-155-5p2.067mmu-miR-487b-3p1.333mmu-miR-770-5p1.063mmu-miR-33-5p1.947mmu-miR-1981-3p1.300mmu-miR-6901-5p1.062mmu-miR-96-5p1.930mmu-miR-6948-5p1.299mmu-miR-3092-5p1.062mmu-miR-532-3p1.901mmu-miR-63951.292mmu-miR-302c-5p1.061mmu-miR-129-5p1.845mmu-miR-21a-5p1.287mmu-miR-6988-3p1.060mmu-miR-532-5p1.837mmu-miR-63671.263mmu-miR-3109-3p1.058mmu-miR-211-3p1.771mmu-miR-7002-5p1.251mmu-miR-16681.057mmu-miR-19a-3p1.768mmu-miR-27a-3p1.219mmu-miR-3572-3p1.055mmu-miR-6951-3p1.766mmu-miR-5623-5p1.203mmu-miR-451b1.054mmu-miR-210-3p1.763mmu-miR-23b-5p1.190mmu-miR-7007-3p1.051mmu-miR-126b-3p1.756mmu-miR-302b-5p1.186mmu-miR-6957-5p1.048mmu-miR-221-3p1.738mmu-miR-669g1.181mmu-miR-219b-5p1.045mmu-miR-63691.713mmu-miR-1b-5p1.167mmu-miR-377-5p1.043mmu-miR-92a-3p1.712mmu-miR-147-3p1.158mmu-miR-6921-5p1.043mmu-miR-18a-5p1.675mmu-miR-6994-3p1.123mmu-miR-7040-3p1.043mmu-miR-802-5p1.662mmu-miR-7680-3p1.114mmu-miR-7068-3p1.042mmu-miR-1897-5p1.631mmu-miR-7673-5p1.101mmu-miR-376c-5p1.040mmu-miR-129-2-3p1.615mmu-miR-6908-3p1.090mmu-miR-7059-5p1.039mmu-miR-7211-5p1.611mmu-miR-3572-5p1.088mmu-miR-7684-3p1.038mmu-miR-210-5p1.594mmu-miR-106a-3p1.084mmu-miR-181d-3p1.037mmu-miR-362-3p1.576mmu-miR-6964-5p1.083mmu-miR-6942-3p1.036mmu-miR-218-5p1.540mmu-miR-64071.082mmu-miR-511-3p1.034mmu-miR-63961.537mmu-miR-6954-5p1.081mmu-miR-741-3p1.034mmu-miR-17-5p1.517mmu-miR-344h-3p1.081mmu-miR-465d-5p1.029mmu-miR-1897-3p1.512mmu-miR-467g1.080mmu-miR-1955-3p1.029mmu-miR-19561.479mmu-miR-154-3p1.080mmu-miR-6930-5p1.027mmu-miR-20a-5p1.475mmu-miR-5625-5p1.080mmu-miR-7013-5p1.025mmu-miR-34a-5p1.413mmu-miR-63891.076mmu-miR-3109-5p1.025mmu-miR-222-5p1.401mmu-miR-466n-5p1.071mmu-miR-7089-3p1.022mmu-miR-19b-3p1.390mmu-miR-326-3p1.071mmu-miR-375-5p1.018mmu-miR-7115-3p1.378mmu-miR-7672-5p1.069![](12967_2019_2168_Figb_HTML.gif){#d29e1555}Gene symbolFold changeGene symbolFold changeGene symbolFold changemmu-miR-188-5p0.393mmu-miR-6922-3p0.734mmu-miR-139-3p0.908mmu-miR-291a-3p0.503mmu-miR-202-3p0.734mmu-miR-184-3p0.910mmu-miR-375-3p0.520mmu-miR-6936-5p0.735mmu-miR-381-3p0.911mmu-miR-6974-3p0.527mmu-miR-6960-3p0.737mmu-miR-34710.911mmu-miR-5107-5p0.528mmu-miR-125a-3p0.739mmu-miR-299b-5p0.916mmu-miR-7020-5p0.544mmu-miR-7005-5p0.749mmu-miR-6546-3p0.919mmu-miR-6948-3p0.569mmu-miR-6910.759mmu-miR-51160.930mmu-miR-7014-5p0.572mmu-miR-63640.769mmu-miR-376a-3p0.937mmu-miR-328-5p0.576mmu-miR-6929-3p0.780mmu-miR-292a-3p0.938mmu-miR-434-3p0.576mmu-miR-5622-3p0.788mmu-miR-1943-3p0.939mmu-miR-466h-3p0.581mmu-miR-11920.790mmu-miR-7078-5p0.939mmu-miR-877-5p0.591mmu-miR-5627-5p0.792mmu-miR-7024-3p0.943mmu-miR-6981-3p0.595mmu-let-7j0.797mmu-miR-63980.944mmu-miR-19070.606mmu-miR-5624-3p0.819mmu-miR-466m-5p0.946mmu-miR-6976-5p0.625mmu-miR-5107-3p0.822mmu-miR-6984-5p0.946mmu-miR-3087-3p0.626mmu-miR-574-5p0.825mmu-miR-7228-5p0.950mmu-miR-7019-5p0.635mmu-miR-3057-5p0.842mmu-miR-323-3p0.951mmu-miR-7055-3p0.645mmu-miR-7220-3p0.843mmu-miR-63940.957mmu-miR-1258-5p0.659mmu-miR-6929-5p0.857mmu-miR-92a-2-5p0.958mmu-miR-1193-3p0.672mmu-miR-5124b0.858mmu-miR-1946a0.962mmu-miR-129b-5p0.690mmu-miR-7066-5p0.858mmu-miR-5620-3p0.967mmu-miR-345-3p0.691mmu-miR-335-5p0.859mmu-miR-18a-3p0.969mmu-miR-344d-3p0.713mmu-miR-6800.861mmu-miR-7676-3p0.971mmu-miR-693-3p0.729mmu-miR-325-3p0.886mmu-miR-346-5p0.972mmu-miR-6780.730mmu-miR-7023-3p0.889mmu-miR-63460.972mmu-miR-7034-3p0.730mmu-miR-467c-3p0.889mmu-miR-30b-3p0.984mmu-miR-466l-3p0.731
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Pulmonary TCs were reported to promote angiogenesis in a mouse model of ARDS \[[@CR11]\]; thus, particular attention was devoted to angiogenesis in the gene ontology (GO) functional analysis. According to the DAVID online database, 28 DEGs were enriched in the processes of blood vessel formation, angiogenesis, blood vessel morphogenesis, blood vessel remodelling, and sprouting angiogenesis. For further analysis, the DEGs were enriched in the STRING database. According to the STRING database, the DEGs were enriched in 9 angiogenesis-related processes: angiogenesis, blood vessel morphogenesis, vasculature development, blood vessel remodelling, sprouting angiogenesis, venous blood vessel sprouting, venous blood vessel morphogenesis, regulation of angiogenesis, and positive regulation of angiogenesis (Fig. [3](#Fig3){ref-type="fig"}d). As most genes participated in at least 3 biological processes, those involved in more than three processes---i.e. E2F8, Notch1, EPAS1, Rbpj, Flt1, ACVRL1, EFNB2 and Thbs1---were selected for further research. MiR-21a-3p, miR-221-5p, miR-146a-5p and miR-188-5p regulated these 8 genes (Fig. [3](#Fig3){ref-type="fig"}e).

Validation of miRNAs and their target mRNAs in TCs {#Sec19}
--------------------------------------------------

We next assessed the mRNA levels of angiogenesis factors. The mRNA expression of E2F8, Notch1, EPAS1, Rbpj, Flt1, ACVRL1, EFNB2 and Thbs1 was measured in TCs after LPS stimulation. After LPS stimulation, E2F8, EFNB2, and EPAS1 were significantly downregulated, while Flt1 was upregulated. Given that miRNAs usually negatively regulate downstream genes, E2F8, EFNB2, and EPAS1 were further studied. LPS stimulation significantly increased miR-21a-3p and miR-221-5p expression in TCs compared with that in cells under control conditions. To clarify the relationship between miRNAs and mRNAs, miRNA inhibitors were applied. MiR-221-5p inhibition restored the expression of EPAS1 but not EFNB2, and miR-21a-3p inhibition restored the expression of E2F8 but not EPAS1. MiR-21 had been reported to increase proliferation, migration and tube formation of Human Umbilical Vein Endothelial Cells (HUVECs) and induce angiogenesis by directly targeting PTEN \[[@CR30], [@CR31]\]. Moreover, miR-21a-3p and its downstream target E2F8 were further studied. After 24 h, the protein expression of E2F8 was decreased in TCs challenged with LPS and was restored by inhibition of miR-21a-3p. The dual luciferase reporter assay indicated that E2F8 was the direct target of miR-21a-3p (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Expression of angiogenesis-related genes in TCs with LPS treatment. **a** mRNA levels of E2F8, Notch1, EPAS1, Rbpj, Flt1, ACVRL1, EFNB2, Thbs1, FLT1, miR-21a-3p and miR-221-5p in TCs treated with LPS and/or miR-21a-3p inhibitor or miR-221-5p inhibitor. \**P *\< 0.05 vs Control, ^\#^*P *\< 0.05 vs LPS. **b** Protein levels of E2F8 in TCs treated with LPS and/or miR-21a-3p inhibitor. \**P* \< 0.05 vs Control, ^\#^*P* \< 0.05 vs LPS. **c** MiR-21a-3p led to a significant reduction of the luciferase activity of reporter with the wildtype 3′ UTR but not that of the mutant reporter. \**P* \< 0.05 vs E2F8-WT/miRNA miR-21a-3p mimic. n = 6

MiR-21a-3p regulated angiogenesis under inflammatory conditions {#Sec20}
---------------------------------------------------------------

The transcription factors E2F7/8 were reported to regulate vessel branching via DLL4-Notch approaches \[[@CR32]\] or HIF-1α/VEGFA signalling \[[@CR33]\]. In the present study, LPS stimulation reduced the protein expression of Notch 2 but not Notch 1, Notch 4 or DLL4. Inhibition of miR-21a-3p restored Notch 2 protein expression in TCs in the presence of LPS. LPS did not affect HIF-1α expression. However, LPS increased the expression of VEGFA at the mRNA level, and this increase was reversed by miR-21a-3p inhibition in cultured TCs (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5MiR-21a-3p regulated angiogenesis associated signalling in TCs induced with LPS. **a**, **b** Protein levels of DLL4, Notch1, Notch2, and Notch4 in TCs treated with LPS and/or miR-21a-3p inhibitor. **c** Expression of HIF-1α and VEGF on mRNA level. \**P* \< 0.05 vs Control, ^\#^*P* \< 0.05 vs LPS, n = 6

PI3K signalling might participate in angiogenesis {#Sec21}
-------------------------------------------------

PI3K, especially the Class I catalytic isoforms, plays an important role in angiogenesis. To study the mechanisms underlying the effect of miR-21a-3p in TCs on angiogenesis induction, PI3K subunit expression was first examined. The mRNA levels of the Class I PI3K isoforms PIK3CA, PIK3CB, and PIK3CD did not significantly change with LPS stimulation. However, the protein level of p110α in TCs was significantly increased with LPS stimulation and decreased with miR-21a-3p inhibitor co-treatment. The PI3K signalling molecules AKT, mTOR, and PTEN were unaffected by either LPS or miR-21a-3p. These results indicated that PI3K signalling might participate in angiogenesis via the p110α isoform (Fig. [6](#Fig6){ref-type="fig"}).Fig. 6Expression of PI3K signalling in TCs induced with LPS. **a** mRNA levels of PIK3CA, PIK3CB, and PIK3CD in TCs treated with LPS and/or miR-21a-3p inhibitor. **b**, **c** Protein levels of p110α, p-PI3K, PI3K, p-mTOR, mTOR, PTEN, p-AKT, AKT in TCs treated with LPS and/or miR-21a-3p inhibitor. \**P* \< 0.05 vs Control, ^\#^*P* \< 0.05 vs LPS, n = 6

MiR-21a-3p and p110α in TCs promoted the proliferation of EOMA cells {#Sec22}
--------------------------------------------------------------------

The proliferation of EOMA cells was then estimated after co-culture with TCs pre-treated with the miR-21a-3p or PI3K p110α inhibitor. Culture medium from TCs stimulated with LPS promoted EOMA cells proliferation, as determined by the CCK8 assay. Compared with medium from NC TCs, culture medium from TCs with miR-21a-3p inhibition significantly reduced EOMA cells proliferation (Fig. [7](#Fig7){ref-type="fig"}a). The effect of p110α was examined by dynamic real-time cell observation. The proliferation assay indicated that EOMA cells proliferation decreased with LPS stimulation but was restored by co-culture with TCs. Inhibition of miR-21a-3p or p110α (with its inhibitor HS-173) weakened the protective effect of TCs (Fig. [7](#Fig7){ref-type="fig"}b, d). The scratch assay showed similar results (Fig. [7](#Fig7){ref-type="fig"}c, e). VEGF protein expression was significantly elevated with LPS stimulation, and this increase was reversed by inhibition of either miR-21a-3p or p110α (Fig. [7](#Fig7){ref-type="fig"}f). The results above indicated that VEGF is regulated by both miR-21a-3p and p110α.Fig. 7MiR-21a-3p and p110α mediated the promotion of TCs on EOMA proliferation induced by LPS. **a** Cells proliferation rate of EOMA treated with LPS and/or TCs and miR-21a-3p inhibitor measured by CCK8 assay. \**P* \< 0.05 vs Control, ^\#^*P* \< 0.05 vs LPS/TC. **b**, **d** Cell proliferation of EOMA treated with LPS and/or TCs and miR-21a-3p inhibitor or p110α inhibitor measured by Cell-IQ. \**P* \< 0.05 vs Control, ^\#^*P* \< 0.05 vs LPS, \*\**P* \< 0.05 vs LPS/TC, n = 6. **c**, **e** Cell movement of EOMA treated with LPS and/or TCs and miR-21a-3p inhibitor or p110α inhibitor measured by Cell-IQ. **f** VEGFA levels secreted by TCs treated with LPS and/or miR-21a-3p inhibitor or p110α inhibitor measured by ELISA. \**P* \< 0.05 vs Control, ^\#^*P* \< 0.05 vs LPS, n = 6

Discussion {#Sec23}
==========

This study reports that TCs culture medium can alleviate ARDS in mice probably via angiogenesis-associated factors regulated by miR-21a-3p. TCs exposed to LPS exhibited increased miR-21a-3p expression and VEGF production, which further promoted vascular endothelial cell proliferation. The protective effects of TCs mediated by miR-21a-3p might be regulated through PI3K (p110α)/AKT/mTOR signalling and the expression levels of the downstream targets E2F8 and Notch 2 (Fig. [8](#Fig8){ref-type="fig"}).Fig. 8Schematic representation of the working model. TCs induced by LPS promoted endothelial regeneration and angiogenesis through miR-21a-3p-PI3K (p110α)/AKT/mTOR and VEGF signalling in TCs. The E2F8/Notch2 signalling pathway might also participates in this procession

Endotoxin-induced ARDS has been reported to affect both respiratory epithelial cells and the underlying vascular endothelial cells \[[@CR34]\]. In the present study, LPS stimulation induced severe vascular damage in the lungs, as shown by the reduced levels of CD31 and eNOS. TCs are distinct from mesenchymal stem cells and fibroblasts and have been reported to have specific roles in cell signalling, tissue remodelling and angiogenesis \[[@CR35]\]. In the present study, TCs culture medium exhibited great potential to reverse the angiogenic signalling that was reduced by LPS-induced inflammation, supporting the observation that TCs alleviate LPS-induced lung injury in mice by releasing angiogenic factors \[[@CR11]\].

Non-coding miRNAs are involved in several pathological processes, including angiogenesis \[[@CR36], [@CR37]\]. MiR-221-5p \[[@CR38]\], miR-146a-5p \[[@CR39]\], and miR-21a-3p \[[@CR40]--[@CR42]\] are reported to be associated with the angiogenesis process. MiR-21a-3p and miR-221-5p were demonstrated to be involved in the promotion of angiogenesis in TCs. As miR-21a-3p was more frequently reported on angiogenesis, it was further studied. MiR-21a-3p knockdown in TCs reduced CD31 and eNOS expression in the lungs of ARDS mice in vivo. MiR-21a-3p exerts its protective effects on injury repair by inducing angiogenesis-associated signalling pathways. For instance, miR-21a-3p activates the AKT pathway and increases matrix metalloproteinase-2 (MMP-2) expression to reduce the extent of the infarcted region in heart ischaemia/reperfusion injury \[[@CR41]\], inhibits PTEN and sprouty homolog 1 (SPRY1) to heal soft tissue wounds \[[@CR40]\], and upregulates VEGF and activates the Ang-1/Tie-2 axis in traumatic brain injury \[[@CR42]\]. In the current study, the p110α isoform in PI3K/AKT/mTOR signalling pathway was demonstrated to be involved in miR-21a-3p-mediated angiogenic factor induction in TCs. However, the alteration of other protein levels and HIF-1α in TCs treated with LPS and the miR-21a-3p inhibitor indicated that more complex signalling pathways were involved in regulating the angiogenic function of TCs. Culture medium from LPS-induced TCs promoted EOMA cells proliferation in vitro, accompanied by elevated levels of VEGF mRNA and secretion, which further demonstrated that the functional miR-21a-3p was generated by TCs. These data support the hypothesis that miR-21a-3p plays a role in angiogenesis and profoundly demonstrate the mechanisms mediated by PI3K p110α.

The E2F family was first reported to induce cell proliferation \[[@CR43]\], and E2F family members are essential transcriptional regulators of cell cycle progression \[[@CR44]\], as well as apoptosis, metabolism and angiogenesis \[[@CR45]\]. E2F8 is an atypical transcriptional repressor in the E2F family since it contains domains that differ from the canonical domains \[[@CR46]\]. By forming homodimers or heterodimers with E2F7, E2F8 reduces the excessive and destructive activation of E2F1 \[[@CR47]\]. However, reports of E2F8 in angiogenesis in the literature are controversial. E2F7/8 has been reported to positively regulate the formation of blood vessels during embryonic development via HIF-1α/VEGFA signalling \[[@CR33]\]. On the other hand, E2F7/8 suppresses tumour angiogenesis via the induction of DLL4 \[[@CR32]\]. In the present study, E2F8 expression was reduced after LPS stimulation in TCs and restored with miR-21a-3p inhibition, indicating that E2F8 plays a negative role in angiogenesis under inflammatory conditions.

The Notch family, which contains several receptors and ligands, is fundamental in the regulation of blood vessel branching \[[@CR48]\]. DLL4, a Notch ligand, has an inhibitory function in blood vessel branching \[[@CR49]\] that is compromised by Jagged 1 activation \[[@CR50]\]. Notch1 positively regulates angiogenesis \[[@CR51]\], while Notch2 negatively regulates cell proliferation \[[@CR52]\] and angiogenesis \[[@CR53]\]. In the initial stage of angiogenesis, inhibition of Notch 2 promotes vascular endothelial cell proliferation, while activation of Notch 2 reduces endothelial cell responses to VEGF \[[@CR54], [@CR55]\]. In the present study, Notch2 expression was mediated by miR-21a-3p. However, the relationship between the transcription factor E2F8 and Notch2 was not illustrated. Further experiments should be conducted to confirm the signalling pathway of E2F8/Notch2 in angiogenesis.

Conclusion {#Sec24}
==========

TCs have been reported to be important in tissue repair and healing processes. Via mouse models, bioinformatics approaches and molecular biological methods, the present study shows that activated TCs promote endothelial regeneration and angiogenesis through miR-21a-3p-PI3K (p110α)/AKT/mTOR signalling and further demonstrates the key roles of VEGF in TCs. The E2F8/Notch2 signalling might also participates in this process. These findings shed light on miR-21a-3p in TCs as a new therapeutic target for vessel protection.
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**Additional file 1: Figure S1.** The morphology of TCs. The pictures were gathered by Cell-IQ every 8 h. The white arrow showed the typical telopode.
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